Despite great advances in the diagnosis and treatment of Buruli ulcer, it is one of the least studied major neglected tropical diseases. In Africa, major constraints in the management of Buruli ulcer relate to diagnosis and treatment, and accessibility, feasibility, and delivery of services. In this Personal View, we outline key areas for clinical, diagnostic, and operational research on this disease in Africa and propose a research agenda that aims to advance the management of Buruli ulcer in Africa. A model of care is needed to increase early case detection, to diagnose the disease accurately, to simplify and improve treatment, to reduce side-eff ects of treatment, to deal with populations with HIV and tuberculosis appropriately, to decentralise care, and to scale up coverage in populations at risk. This approach will require commitment and support to strategically implement research by national Buruli ulcer programmes and international technical and donor organisations, combined with adaptations in programme design and advocacy. A critical next step is to build consensus for a research agenda with WHO and relevant groups experienced in Buruli ulcer care or related diseases, and we call on on them to help to turn this agenda into reality.
Introduction
Buruli ulcer, the necrotising lesion of skin and soft tissue caused by Mycobacterium ulcerans, is the third most common mycobacterial infection worldwide. 1 Most of the burden of disease is in tropical climates, mainly in Africa, but cases have been reported in 33 countries. 2 In Africa, more than 50% of cases aff ect children younger than 15 years living in remote and rural areas with restricted access to health care. 1 The method of acquisition is unclear, but once disease develops lesions usually progress, leading to pronounced tissue destruction and morbidity. However, early diagnosis leads to simplifi ed treatment and reduced morbidity and costs. 3 Major advances in the diagnosis and treatment of Buruli ulcer have been made. Traditionally, wide surgical excision of lesions was recommended because antibiotics were considered ineff ective. 4, 5 More recently, antibiotics have been shown to be very eff ective in sterilising lesions and preventing disease recurrences whether used alone [6] [7] [8] or with surgery. 9 WHO now recommends combined antibiotic treatment with rifampicin and streptomycin for 8 weeks as fi rst-line therapy for all M ulcerans lesions, with surgery reserved mainly for removal of necrotic tissue, treatment of large skin defects, and correction of deformities. 1 Additionally, the development of IS2404 PCR testing has allowed more accurate diagnosis of M ulcerans. 10 However, despite these advances, Buruli ulcer is one of the least studied of the major neglected tropical diseases. 11 In Africa, major constraints in the management of Buruli ulcer remain: delayed presentation and diagnosis; diffi culties in the establishment of diagnosis in resourcepoor settings that do not have suffi cient laboratories and diagnostic instruments (thus diagnosis and treatment remaining mainly centralised and far from where patients live); treatment of long duration that often necessitates prolonged admission to hospital and can be toxic, poorly tolerated or accepted, diffi cult to give and adhere to, or not available at peripheral health centres; diffi culties in diagnosis and management of paradoxical reactions occurring secondary to antibiotic treatment; lack of access to surgical services; intensive, suboptimum, and expensive dressing regimens; diffi culties in screening for co-infections such as HIV and tuberculosis that potentially aff ect Buruli ulcer management; and a lack of information to guide management of co-infected patients.
In this Personal View, we outline key areas for clinical, diagnostic, and operational research on this disease in Africa. Our aim is to propose a research agenda that advances the eff ectiveness, accessibility, acceptability, and feasibility of treatment for Buruli ulcer in Africa.
Early diagnosis and treatment
Large numbers of people continue to present with advanced Buruli ulcer disease with reports 1 from Africa showing 35% presenting with WHO category 2 lesions (5-15 cm in diameter) and 33% with WHO category 3 lesions (>15 cm in diameter, multiple lesions or lesions involving bone or a crucial site). Compared with early diagnosis when lesions are in WHO category 1 stage (<5 cm diameter), categories 2 and 3 result in increased morbidity including high rates of permanent disability and time in care or hospital, and high cost of care. 3 Early diagnosis and treatment is crucial to reduce these adverse outcomes and usually results in cure of the disease with minimum patient morbidity or permanent disability and with reduced costs. 3 One of the important constraints to early diagnosis is the restricted availability of instruments to rapidly and accurately diagnose Buruli ulcer in resource-poor settings close to where patients live. PCR testing that targets insertion sequence 2404 (IS2404) is the most sensitive and specifi c diagnostic test, 10 but requires a sophisticated laboratory with good quality control and is expensive, meaning it is often not available and results can be Personal View substantially delayed. Mycobacterial cultures are rarely available, take 6-12 weeks to provide a result, and are positive in only about half of confi rmed cases. 10 Furthermore, PCR and culture testing make diagnosis at a primary care clinic level diffi cult, impeding eff orts to decentralise diagnosis and treatment. Although use of acid-fast bacilli stains for specimens in some settings might be feasible, this test lacks sensitivity 10 and is nonspecifi c, potentially leading to Buruli ulcer being mistakenly diagnosed instead of other mycobacteria, such as Mycobacterium tuberculosis. 12 Histopathology requires a sophisticated laboratory and trained staff , and is an invasive procedure, expensive, and not usually available.
Thus, clinicians are often forced to rely on clinical diagnosis. Many other disorders can mimic Buruli ulcer 1 and false-positive diagnoses are common. 13 A simple, rapid, reliable, and inexpensive point-of-care diagnostic test for M ulcerans, which can be used in the primary care context, is urgently needed. Promising advances have been made with the loop mediated isothermal amplifi cation method, which off ers the potential for rapid fi eld-based PCR diagnostic testing, 14 and mycolactone based point-of-care diagnostic testing techniques are being investigated. 15 However, fi eld assessment studies for these approaches are yet to be done. Exploration of the feasibility of linking Buruli ulcer PCR-based diagnostic technologies to those being rolled out in resource-poor settings for tuberculosis and HIV, such as the Xpert MTB/RIF test (Cepheid, Sunnyvale, CA, USA) 16 and pointof-care HIV viral load testing, would be useful. 17 Additionally, low technology methods, such as the addition of fl uorescence to microscopy, could be studied to determine whether the sensitivity of detection of acid-fast bacilli in samples could be increased, as has been achieved for tuberculosis. 18 Following the lead from tuberculosis, options for urine diagnostic testing could be explored and developed. 19 Finally, studies designed to improve the clinical accuracy of Buruli ulcer diagnosis by focusing on the symptoms and signs that help to distinguish this disease from other potential diagnoses in an African environment and provide validated clinical diagnostic diff erential algorithms would be benefi cial for clinicians working with Buruli ulcer in resource-poor settings. 12, 13 Several other factors that lead to late diagnosis include late presentation resulting from community stigma, mistaken beliefs about the cause of disease and its management, preferential seeking of treatment from traditional practitioners, lack of awareness of available treatments and their eff ectiveness, inability to adhere to present onerous treatment regimens for economic or social reasons, fear of toxic eff ects of treatment, and poor access to health facilities or absence of trained health staff . [20] [21] [22] [23] On the basis of the success of similar models of care for Buruli ulcer in Ghana 20 and HIV programmes generally across Africa, 24 several similar operational changes could increase the likelihood of early diagnosis and treatment across the continent. First, imple mentation and investigation of community-based interventions that increase com munity awareness and understanding of the disease and its treatment. Second, education about the benefi ts of early referral for diagnosis and care. Third, introduction of community-based screening and decentralised models of diagnosis and treatment, with strong com munity involvement including the use of community health workers and trained non-health-care personnel such as peer counsellors. 20, 24 Publication of lessons learned from the programme changes described could help to inform developments in the diagnosis and treatment of Buruli ulcer. Further, anthropological research that builds on previous understanding of community perceptions, barriers, and myths related to Buruli ulcer programmes, might also help to develop more appropriate and acceptable models of care for aff ected communities.
Towards all-oral antibiotic treatment for Buruli ulcer
The move towards antibiotic treatment of Buruli ulcer was supported by high rates of cure and few recurrences when antibiotics were given alone [6] [7] [8] or in combination with surgery, 25, 26 and in-vitro data [27] [28] [29] suggesting eff ectiveness of antibiotics against M ulcerans. However, in the present recommended regimen, streptomycin requires daily intramuscular injections that are painful and because of a lack of resources or training can require administration at a central hospital, potentially negatively aff ecting early presentation for care or adherence to treatment. Streptomycin injections are also associated with pronounced adverse events, such as vestibular toxicity (0·1-2·0% of patients) 6, 8 and nephrotoxicity (5-10%). 30 Additionally, because of scarce production and contamination during manu facture worldwide, strepto mycin is in short supply. 31 Therefore, alternatives to a rifampicin plus streptomycin treatment combination are attractive, especially for patients for whom streptomycin is contraindicated, not tolerated, or not accessible.
Non-controlled trials have reported the eff ectiveness of all-oral antibiotic regimens. A pilot study 7 from Benin of 30 patients with lesions who were given the oral combination of rifampicin (10 mg/kg once daily) and clarithromycin (12 mg/kg once daily) over 8 weeks reported that all patients successfully healed by 12 months without recurrences or adverse events during treatment. Observational data from an Australian cohort showed the successful treatment of 78 patients with the oral combination of rifampicin (10 mg/kg once daily) with either a fl uoroquinolone (ciprofl oxacin 500 mg twice daily or moxifl oxacin 400 mg once daily) or clarithromycin (500 mg twice daily) combined with surgical treatment, 9 and 42 patients treated with these oral antibiotic combinations without surgical excision. 32 Because oral regimens allow care to be provided on an outpatient basis, they off er the potential for decentralisation of treatment to the community or village, including homebased treatment. Furthermore, oral regimens are better tolerated than streptomycin and avoid daily intramuscular injections. Such factors can increase the likelihood of patients presenting early for diagnosis and improve adherence, which could greatly improve outcomes and reduce common and devastating long-term physical deformities. 33 All-oral antibiotic regimens are now used for most cases treated in south east Australia.
9,32,34 WHO does not recommend all-oral antibiotic regimens as standard treatment unless streptomycin is contraindicated (eg, during pregnancy). 1 The results of a prospective multicentre randomised trial of all-oral treatment (rifampicin and clarithromycin) versus streptomycin and rifampicin treatment is awaited before a decision on whether to advocate changing to all-oral regimens is made. However, the trial will not be completed before 2015 (NCT01659437).
Although we eagerly await publication of the trial results, other clinical drug trials of Buruli ulcer treatment are needed. In case of drug intolerance, drug interactions (HIV antiretrovirals), 35 or contraindications, more than one oral antibiotic regimen is urgently needed. 36 Operational research can help to pave the way for all-oral antibiotic regimens in Africa by studying the feasibility and acceptability of oral antibiotic regimens compared with present regimens in a fi eld context outside the environment of a controlled trial. Results from in-vitro studies and previous experience suggest that well organised and supported Buruli ulcer treatment programmes in Africa could introduce and study oral antibiotic regimens in an operational research context with close monitoring, assessment, and dissemination of results. Such an approach has been supported by WHO 1 and could provide important supportive evidence to supplement data from the controlled trial, 37 and is likely to benefi t patients directly, to simplify treatment, and to reduce costs.
Paradoxical reactions to antibiotic treatment
Paradoxical reactions are newly recognised events that occur during or after antibiotic treatment of Buruli ulcer and complicate treatment in about one in fi ve patients treated for the disease in Africa. [38] [39] [40] Paradoxical reactions probably result from antibiotic-mediated killing of 41, 42 Clinically, this reaction manifests as a deterioration of the lesion or its surrounding tissues or the appearance of new lesions, either locally or in a distant body site. [38] [39] [40] 43 Paradoxical reactions pose notable management challenges in resource-poor settings because of the absence of available diagnostic testing to distinguish them from treatment failure, which is diffi cult on clinical criteria alone. This distinction is crucially important because the management is diff erent; treatment failure requires a change in antibiotic regimen and surgery might be warranted, whereas mild-tomoderate paradoxical reactions require observation alone, without change to the regimen or surgery.
1,44
Clinicians need improved information about the incidence, risk factors, clinical features, and treatment of paradoxical reactions in Africa. Reactions can be severe, require many operations and reconstructive surgery, 43 and result in pronounced morbidity and cost. 3 In Australia, prednisolone has been successfully used to reduce the severity of paradoxical reactions, 45 but in Africa, high rates of coexistent infectious diseases such as tuberculosis or strongyloidiasis occur; outcomes of these co-infections can be adversely aff ected by prednisolone and this leads to additional potential risk. 46 Although use of prednisolone in Africa warrants further research, much can already be learnt from the use of steroids for severe paradoxical reactions in patients with HIV and tuberculosis in Africa. 47 Development of new diagnostic tests that are feasible, aff ordable, and can be made available in resource-poor settings are urgently needed to help make the distinction between paradoxical reactions and treatment failure (table).
Buruli ulcer and HIV co-infection
Areas of Africa with endemic Buruli ulcer also have a high prevalence of HIV, but information about co-infection is scarce. Preliminary evidence from Benin, 48 Cameroon (Christinet V, unpublished), and Ghana 49 suggest that HIV infection might increase the risk of Buruli ulcer; however, this association and its prevalence needs to be clarifi ed. HIV seems to aff ect the clinical presentation and severity of Buruli ulcer disease, with a reported increased incidence of multiple, larger, and ulcerated lesions (Christinet V, unpublished) . 48, 50 However, whether the presence and severity of Buruli ulcer indicates the level of underlying immune suppression in a person with HIV and can thus be used as a WHO HIV-associated clinical disorder to help to stage HIV disease is unknown. 51 Improved understanding of the eff ect of HIV on Buruli ulcer treatment outcomes including cure rates, recurrence rates, and paradoxical reactions is needed. The Médecins Sans Frontières programme in Akonolinga, Cameroon, reported that in patients with Buruli ulcer and HIV, ulcer healing took longer than in patients without HIV with time to heal aff ected by CD4 counts; and recurrence rates and numbers of surgical procedures were increased, 52 but these fi ndings need confi rmation in other settings. Knowledge is also scarce about the best way to manage HIV in patients with active Buruli ulcer, such as when to start antiretroviral therapy in co-infected patients and the best antiretroviral therapy regimens. For example, pronounced interactions between drugs used for Buruli ulcer treatment and antiretroviral drugs might reduce the eff ectiveness of Buruli ulcer treatment and increase toxicity. 35 Potentially, Buruli ulcer treatment regimens combining rifampicin and moxifl oxacin might avoid these issues, but research to determine their eff ectiveness and safety in patients with HIV is urgently required. 35 Data are also needed to understand whether antiretroviral therapy will aff ect the incidence and severity of paradoxical reactions, and guide their management in patients on such treatment. WHO have issued preliminary guidelines on the management of Buruli ulcer and HIV infection, 1 but the process has been restricted by the paucity of information, and the guidelines are largely extrapolated from the experience of tuberculosis and HIV co-infection. 53 Organisations working in settings with high rates of Buruli ulcer and HIV co-infection could therefore design and implement research to help answer these important questions (table) .
Simplifi ed wound dressings and optimisation of wound healing
At present, dressing regimens are intensive and are usually based on the wet-to-dry concept that is painful to administer and less eff ective than more advanced techniques. 54 Such regimens may require admission to hospital, are expensive (with the cost often borne by patients), and lack standardised management protocols. These problems are amplifi ed in severe disease as a result of late presentation or diagnosis.
Next steps would be to ensure advanced wound care is introduced into developed programmes, as well as simplifi ed wound management protocols that are adapted to country or regional contexts as recommended by WHO. 55 Dressings available in resource-rich settings work well in resource-poor settings, although cost and availability remain obstacles. Standardised dressing protocols and kits would allow uniformity in practices across diverse settings, could ease the procurement and distribution of resources, and reduce the costs of materials through bulk purchase. Furthermore, older or locally available products could replace components of these more complex dressings (eg, replacing hydrogel with a large amount of vaseline, karité butter, or honey and replacing hydrocellullar dressings by vaseline gauze and polyethylene wrap). Simplifi ed and cheaper dressings and regimens are in development (eg, Drawtex, Steadmed Medical, Fort Worth, Texas, USA) including those that are outpatient-based and that could reduce the resources needed to manage wounds. Programme leaders could play Personal View a role in this area of research, including development of clinical trials to investigate standardised dressing protocols and new or adapted products (table). Research focused on the improvement of pain management caused by severe ulcers and dressing changes is also needed.
The time for wounds to heal is often prolonged, often longer than 6 months, 6 leading to frustration and dissatisfaction on the part of the patients and health-care providers and increased resource utilisation and time. Of advanced wound care techniques, negative pressure wound therapy seems to decrease healing time, 56 but this technology is not available in most treatment settings for Buruli ulcer in Africa. Simple, portable, and cheap negative pressure wound therapy devices that do not require electricity have been developed, 57 and future programmes could trial such devices to test their eff ectiveness, suitability, and cost in resource-poor settings.
The large and deep wounds caused by Buruli ulcer are often a major source of disability, and thus rehabilitation is an important component of care. To optimise results, rehabilitation should begin early and patients should be taught basic exercises appropriate to their condition. 58, 59 Research on how to improve the access and eff ectiveness of rehabilitation programmes could contribute to reduced disability.
Conclusions and next steps
We have outlined a clinical, diagnostic, and operational research agenda for Buruli ulcer management in Africa that will be feasible to scale up to achieve coverage in populations at risk (panel). Although we focus on the management of Buruli ulcer, research of disease prevention is crucial. Despite many years of study, information about the methods of transmission, environmental reservoirs, and susceptibility to disease are not well defi ned and need urgent clarifi cation. Conception of an implementation research agenda for Buruli ulcer programmes, such as development of national strategies and standardisation of methods, training, and assessment of programmes should also be a priority.
A critical next step is to build consensus for a research agenda with WHO and relevant groups experienced in Buruli ulcer care or related diseases, and we call on them to help to turn this agenda into reality. To achieve this, commitment and support for strategic implementation of research by national Buruli ulcer programmes, their staff , partners, and international donor organisations is required, as well as adaptations in programme design and focused advocacy on this issue.
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